Secretion of cold-adapted ␣-amylase from Pseudoalteromonas haloplanktis TAB23 was studied in three Antarctic bacteria. We demonstrated that the enzyme is specifically secreted in the psychrophilic hosts even in the absence of a protein domain that has been previously reported to be necessary for ␣-amylase secretion in Escherichia coli. The occurrence of two different secretion pathways in different hosts is proposed.
The presence of an outer membrane in gram-negative bacteria imposes a barrier for the secretion of proteins into the extracellular medium. At least five different, widely disseminated secretion pathways have evolved in these bacteria for the translocation of soluble proteins across the outer membrane (2, 5, 10, 13, 14, 16) .
In this study we have investigated the protein secretion in Antarctic bacteria by using the ␣-amylase from Pseudoalteromonas haloplanktis TAB23 as model enzyme. Indeed, among the secreted psychrophilic proteins studied so far (11) , the cold-adapted ␣-amylase is one of the best characterized for both function and structure, since it is one of the very few cold-adapted enzymes whose three-dimensional structure has been solved (1) . The psychrophilic ␣-amylase is synthesized as a preproenzyme, composed of the signal peptide (24 residues), the mature enzyme (453 amino acids, 49 kDa), and a long C-terminal propeptide (192 residues, 21 kDa) which constitutes a structurally independent domain that does not exhibit any foldase function or affect the amylase catalytic activity (8) . Considering the preproenzyme structure, the export of ␣-amylase precursor through the inner membrane may likely occur via the Sec pathway (15) , coupled to the cleavage of the leader peptide, defining the amino-terminal end of the mature enzyme. The resulting proenzyme is found in the culture supernatant as a precursor until the P. haloplanktis late exponential phase, when the action of a nonspecific extracellular protease removes the C-terminal domain, releasing the mature enzyme (8) .
When the psychrophilic enzyme is produced by recombinant Escherichia coli cells, its secretion depends on the presence of the propeptide, since the truncated ␣-amylase, i.e., devoid of the C-terminal domain, accumulates in the E. coli periplasm (8) . These results, combined with the observation that the amy propeptide can promote its own membrane spanning and accepts a foreign passenger, led the authors to conclude that this domain displays an autonomous secretion signal function, showing several features in common with a classic ␤-autotransporter (8) .
In the present work we have extended the study of ␣-amylase secretion to a more physiologic environment by setting up a novel expression vector for the recombinant protein production in three cold-adapted bacteria, P. haloplanktis TAB23 (the ␣-amylase source strain), P. haloplanktis TAC125, and Psychrobacter sp. strain TAD1 ( Table 1) .
Construction of pFF expression vector. Molecular characterization of the pMtBL plasmid isolated from an Antarctic bacterium was instrumental in setting up a shuttle vector, clone Q, able to efficiently replicate either in psychrophiles or in E. coli (18) . To develop an expression vector for Antarctic bacteria, the E. coli vector pUC18 was modified by destroying the unique NdeI restriction site and removing two elements, i.e., the lactose-inducible ␤-galactosidase promoter and the lacI gene fragment, to avoid interference with the cold-adapted promoter to be inserted, generating the pUCL vector ( Fig. 1 ; Table 1 ). The T/R box, a DNA fragment containing the coldadapted origin of replication (OriR) and the origin of conjugative transfer (OriT) derived from the pJB3 plasmid (4), was isolated from the clone Q shuttle vector (18) by double EcoRI/ BamHI digestion and was cloned into pUCL EcoRI restriction site after a fill-in reaction. Transcription and translation control sequences of cold-adapted aspC gene (coding for aspartate aminotransferase from P. haloplanktis TAC125 [3] ) were amplified by PCR and inserted into the above shuttle vector to generate a cold expression plasmid, the pFF construct (Fig. 1) . The PhaspC promoter (Pasp) was amplified by using the primers 5Ј-GTTGGATCCGATATCAAAAATAGACTATG-3Ј and 5Ј-TAATACTGCAGACATATGCTATCTCTTATC-3Ј, which introduces an NdeI restriction site at an optimal distance from the natural Shine-Dalgarno sequence and overlapping the aspartate aminotransferase start codon. Furthermore, the stability of the mRNAs expressed by the constitutive PhaspC promoter was increased by cloning the strong PhaspC rhoindependent transcription terminator (Tasp, PCR amplified by using the primers 5Ј-GTTCCCGGGGTACCGAATTCATAA TAGTTAACC-3Ј and 5Ј-CCTTGAGCTCCCTGAGGTCCG G-3Ј) downstream of a small polylinker region.
Recombinant production of P. haloplanktis TAB23 ␣-amylase (precursor and mature forms) in three cold-adapted bacteria. In previous work, two recombinant plasmids were constructed to produce the heterologous P. haloplanktis TAB23 ␣-amylase in E. coli (8) . The two vectors (p␣H12 and p␣H12wt*) differed in the presence of the amy gene portion coding for the C-terminal propeptide of ␣-amylase (which was deleted and replaced by an artificial stop codon in the p␣H12wt* vector). The expression of these vectors resulted in the production of the ␣-amylase precursor (p␣H12) or the truncated native ␣-amylase (p␣H12wt*). To construct pFFamy plasmid, the region coding for the P. haloplanktis TAB23 ␣-amylase was excised from p␣H12 by EcoRI-XbaI double digestion and inserted into the pFF corresponding sites. The gene coding for ␣-amylase devoid of its C-terminal domain was obtained from the p␣H12wt* vector by SalI/XbaI hydrolysis and inserted into the EcoRI/XbaI-digested pFF plasmid, generating the pFFamy⌬Ct vector. A fill-in reaction was necessary to make compatible SalI and EcoRI protruding ends.
The resulting plasmids, pFFamy and pFFamy⌬Ct ( Fig. 2A ), were mobilized into P. haloplanktis TAB23 (the source strain), P. haloplanktis TAC125, and Psychrobacter sp. strain TAD1 cells (both devoid of any ␣-amylase activity [6, 18] ) by interspecific conjugation with the transformed E. coli S17-1(pir) cells (Table 1 ) following the procedure previously described (18) .
Psychrophilic transconjugants were grown in liquid culture at 4°C, and samples were harvested at the mid-logarithmic phase. Culture supernatants and corresponding cell lysates were immunodetected by using anti P. haloplanktis TAB23 ␣-amylase antiserum (8) to evaluate production and cellular localization of the recombinant products. Western blotting analysis (Fig. 2B) of P. haloplanktis TAC125 transformed with pFFamy (lanes 1 and 2) and pFFamy⌬Ct (lanes 3 and 4) showed that recombinant proteins are present mainly in the culture medium (lanes 2 and 4) , regardless of the presence of the C-terminal propeptide. Furthermore, a proteolytic processing, which converts the ␣-amylase precursor (70 kDa) into the mature enzyme (49 kDa; Fig. 2B, lanes 1 and 2) , occurs even in the recombinant P. haloplanktis TAC125 cell culture. Similar results were obtained with recombinant P. haloplanktis TAB23 and Psychrobacter sp. strain TAD1 cells (data not shown).
The kinetics of recombinant ␣-amylase production by P.
FIG. 1. Construction of pFF vector (see text)
. haloplanktis TAC125 cells was monitored by observing the appearance of enzyme activity in the culture supernatants with the Boehringer-Roche kit AMYL as previously described (8) .
As shown in Fig. 3 , middle panel, the extracellular targeting kinetics and the corresponding growth curves (upper panel) of the Antarctic bacterial cells, transformed with pFFamy and pFFamy⌬Ct vectors, were superimposable. Furthermore, the presence of the propeptide at the C terminus of the recombinant enzyme did not affect the yield of amylase secretion (Table 2). Similar results were obtained with recombinant P. haloplanktis TAB23 and Psychrobacter sp. strain TAD1 cells, although the cold ␣-amylase production yields for each of the three strains were slightly different ( Table 2) . To demonstrate that the extracellular targeting of the recombinant ␣-amylase is due to a specific secretion mechanism rather than to a general leakiness of the outer membrane, the activity of a soluble periplasmic enzyme, the alkaline phosphatase, was monitored in the cell-free supernatants by using the Sigma Fast p-nitrophenyl phosphatate tablet sets. As illustrated in Fig. 3 , the maximum of amylase activity in both cultures was reached about 50 h before the alkaline phosphatase release consequent to entry in stationary phase. At this time, the extracellular ␣-amylase activity decreased, likely due to the action of cellular proteases, whose concentration raises steadily during the prolonged cell growth (unpublished results from this laboratory). The same results were obtained with recombinant strains of P. haloplanktis TAB23 and Psychrobacter sp. strain TAD1 (data not shown).
Conclusions. The assembly of the cold-adapted expression vector, reported in this paper, has been instrumental for the successful recombinant ␣-amylase production in three Antarctic bacteria (Fig. 1) . This vector allows us to study the recombinant production and cellular localization of the native ␣-amylase and its truncated version, i.e., devoid of the C-terminal domain. In contrast to the previously reported results obtained with E. coli (8) , our data demonstrate that when produced in all Antarctic bacteria tested (i) both recombinant enzymes are present mainly in the extracellular medium (Fig. 2B) , (ii) the extracellular targeting of both ␣-amylase forms is a specific secretion rather than a general leakiness of the host outer membrane, (iii) C-terminal propeptide is not mandatory for ␣-amylase secretion, and (iv) the presence of the C-terminal domain does not interfere either with the secretion kinetics or with the maximal production yield ( Fig. 3 ; Table 2 ).
The above results strongly suggest that the psychrophilic ␣-amylase carries secretion signals, besides the propeptide, that mediate the outer membrane translocation of coldadapted bacteria, regardless of the propeptide presence at the enzyme C-terminal end. Based only on the substrate structure, the occurrence of a type II secretion pathway in these hosts can be proposed (15, 16) . However, apart from the specific secretion mechanism implied, recombinant protein secretion by two distantly related bacteria (P. haloplanktis and Psychrobacter sp. strain TAD1) represents an interesting result.
The data obtained in this study, together with those reported by Feller et al. (8) for E. coli, suggest that the ␣-amylase from P. haloplanktis TAB23 is the only exoenzyme so far characterized that has the possibility of following two alternative secretion pathways depending on the bacterial host which is expressed. Indeed, in addition to some structural motifs likely recognized by a cold-adapted secretion machinery, this enzyme possesses an independent domain, the C-terminal propeptide, that can display its secretion helper role at least in the mesophilic E. coli.
